An experiment that involved 79 named cultivars and advanced selections of Fragaria × ananassa L., 46 Fragaria virginiana Duch. clones, and 12 F. virginiana backcross selections, and eight Fragaria virginiana × Fragaria chiloensis (L.) Duch. (all Rosaceae) selections, was conducted to detect variation in strawberry genotypes for resistance to tarnished plant bug, Lygus lineolaris (Palisot de Beauvois) (Heteroptera: Miridae). The F. virginiana genotypes were shown to be more resistant than the cultivars and advanced selections in both 2001 and 2002. Within the group of cultivars and advanced selections, several June-bearing and dayneutral genotypes were more resistant than others. There were fewer plant bugs on F. virginiana than on the cultivars and hybrids. Insect numbers were consistently correlated with percentage of damaged fruits and damage severity, but total numbers of flowers and fruits were only correlated with insect numbers, percentage fruit damage, and damage severity in 1 of the 2 years. Our results suggest that strawberry cultivars, highly resistant to tarnished plant bug, can be bred, if the trait is introgressed from F. virginiana selections.
Introduction
The tarnished plant bug, Lygus lineolaris (Palisot de Beauvois) (Heteroptera: Miridae), is one of two major pests of June-bearing strawberries, Fragaria × ananassa L. (Rosaceae), in Ontario, Canada (Dale et al., 2000) . Nymphs and adults feed on flowers and fruits and cause the developing fruits to become deformed and unmarketable (Schaefers, 1980; Handley & Pollard, 1993) . The amount of damage can vary from year to year depending on plant bug feeding pressure (Schaefers, 1980; Handley et al., 1996) .
At present, the only effective way to control the insect is to apply pesticides. However, several strategies, used alone or together, can potentially control tarnished plant bug, including vacuuming (Vincent & Lachance, 1993; Rancourt et al., 2003) , trap crops (Easterbrook & Tooley, 1999; Brown, 2004) , reflective mulch (Rhainds et al., 2001) , parasitoids and predators (Udayagiri et al., 2000; Tilmon & Hoffmann, 2003) , and resistant or tolerant varieties (Handley et al., 1991) . In June-bearing varieties, early varieties often do not have tarnished plant bug injury as they flower before the insects appear (Mass, 1984) .
Dayneutral strawberry varieties were first introduced in 1980 (Bringhurst & Voth, 1980) , and have the potential to expand the harvest season from 1 to 3 or more months each year throughout northern North America, as they flower and fruit from late July until the end of September (Pritts & Dale, 1989) . In the early 1980s, four northernadapted dayneutral varieties were released (Draper et al., 1981; Anon, 1997; Okie, 1999) . No new northern adapted dayneutral varieties have been released since that time, although a series of dayneutral varieties have been released from California.
The major drawback of dayneutral strawberries is that they can be severely damaged by tarnished plant bug. These insects reach their maximum populations during the main summer harvest of dayneutrals (Bostanian, 1994) and can extensively damage the fruit. Because the dayneutral strawberry produces flowers and fruits more or less continually, tarnished plant bug cannot be controlled with currently available pesticides as their days-to-harvest requirements are longer than the harvest intervals.
Strawberries can be bred to resist or tolerate tarnished plant bugs, but little research has been done in this area. Handley et al. (1991) showed that there was considerable variation among 20 June-bearing strawberry cultivars for tarnished plant bug injury. Over 2 years, susceptible varieties, such as 'Kent' and 'Micmac' , were damaged over twice as much as tolerant varieties, such as 'Honeoye' and 'Sparkle' , and five of the six most tolerant cultivars were closely related. These results have been confirmed in Maine Pollard, 1993) and in Wisconsin in 1999 (B Smith, pers. comm.) . In an Ontario study that compared two dayneutral strawberries, Tristar had significantly less damaged fruit than Tribute (A Dale, unpubl.) . Thus, there is evidence to suggest that strawberry is variable for resistance to tarnished plant bug and that breeding for the trait should be possible.
The objective of this work was to determine the range of varietal susceptibility to tarnished plant bug in cultivated and wild strawberries, so that suitable parents could be selected for further breeding. A preliminary report of this research indicated that Fragaria virginiana Duch. genotypes were more tolerant of tarnished plant bug than other Fragaria genotypes (Dale et al., 2003) . In order to determine whether tarnished plant bug nymphs caused flowers to abort, in 2002 the first two replicates were sprayed weekly with Thiodan 50 WP (active ingredient endosulfan 50%; Bayer CropScience, Calgary, Alberta, Canada) at 4 kg ha -1 to kill any nymphs using a shielded hand sprayer, and the number of fruits and flowers per plant were counted weekly. An aborted flower was considered as one in which the receptacle did not swell. Severe frosts on the nights of 20 -22 May 2002 killed many flowers.
Materials and methods
All fruit were rated weekly from 3 July to 11 October 2001 and from 11 June to 21 October 2002 for tarnished plant bug damage on a 1-4 scale. Damage from tarnished plant bug was considered to be present when large, apparently fully grown, achenes were clustered together. For 1, severe damage, large achenes were clustered together with less than about 10% of normal ripe fruit tissue present; 2, apical seediness where large achenes were clustered at tip of fruit; 3, slight damage where large achenes were clustered irregularly in one or two small areas of the fruit; and 4, no damage. The number of flowers that did not produce fruit was also counted. All fruit and flowers that did not produce fruit were removed once they were rated. Because many of the F. virginiana genotypes had small fruits (<1 g), it was impossible to distinguish slightly damaged fruit from undamaged ones, so these were rated as 1, 2, or 4.
The tarnished plant bug population was monitored weekly by counting the number of nymphs and adults on a single flowering inflorescence of each flowering plant in half the replicates, which were randomly selected on each sampling date. Nymphs and adults were tapped onto a plate from a single inflorescence taken at random from within the plant and counted. Adult tarnished plant bugs were monitored with 10 white sticky traps (22.5 × 27.5 cm) (Great Lakes IPM, Vestaburg, MI, USA), with one trap placed in each of 10 randomly selected replicates. Sticky traps were placed at a height of 30 cm and were replaced weekly.
Data from all flowers and fruits were analysed by analysis of variance for percentage of damaged fruit, damage severity, the total number of flowers, total number of fruits, and percentage of flowers that did not produce fruit using PROC MIXED (SAS version 8.2, 1999; SAS Institute, Cary, NC, USA). As there were many damaged fruit values below 10%, data were normalized by angular transformation (Y = arcsine ). The percentage of damaged fruit was calculated as the number of fruit in categories 1, 2, and 3 as a percentage of the total number of fruit; damage severity was calculated as the sum of [(1 × category 4) + (2 × category 3) + (3 × category 2) + (4 × category 1)] divided by the total number of fruit. The total number of fruits was calculated as the sum of fruits in categories 1-4, and the total number of flowers as the sum of the total number of fruits and the number of flowers. The number of aborted flowers was expressed as a percentage of the total number of flowers. Any selection that flowered in fewer than four replicates or had a total of fewer than 15 flowers was omitted from analyses in 2001, and fewer than four replicates and an average of fewer than five flowers per plant in 2002. This reduced the number of genotypes for further analysis to 145. Also, the two replicates that were sprayed with Thiodan in 2002 were excluded from the analyses for damaged fruit and damage severity.
Fragaria virginiana resists tarnished plant bug 205 For analysis of data from both years, only those genotypes present in both years and that satisfied the above requirements were included in analyses. In the PROC MIXED model, the three origin groups (cultivars and selections, hybrids with F. virginiana , and F. virginiana ), genotypes within their origins, and the year effect were treated as fixed effects and replicates as a random effect. Where data were transformed for analysis, detransformed means are presented. The least significant differences for the origin*year interaction were calculated using the error mean square from analyses of variance using PROC GLM. Correlations were done between cultivar means for mean number of insects per inflorescence, percentage of damaged fruit, and damage severity using PROC PRINCOMP. For the insect populations, the mean number of nymphs and adults per inflorescence, and the total number of adults on 10 sticky traps were calculated for each sampling date.
In 2002, the percentage of aborted flowers was used to analyse whether tarnished plant bugs caused flowers to abort. The sprayed and unsprayed plots were used as the fixed effect in an unbalanced analysis of variance using PROC MIXED.
Results
Tarnished plant bugs were present throughout the flowering and fruiting period in both years. In 2001, there were two generations of nymphs, in July and mid-August through September, and an August population of adults, which appeared 1-2 weeks before the second generation of nymphs (Figure 1 ). In 2002, there were two generations of nymphs, in June and July, with only low numbers thereafter. Two generations of adults were seen in 2002, one late June to early July and the other mid-September to October.
Tarnished plant bug damage to fruits ranged from <1 to 75% in both years for the individual genotypes (data not shown). Analysis of the percentage of damaged fruits for both years revealed statistically significant differences for the main effects of origin and genotype, but not between years (Table 1) . Significant origin by year and genotype*year interactions were observed. The F. virginiana genotypes were less damaged than the cultivars and selections, and damage to the hybrids was intermediate between the other two groups (Table 2 ). The origin*year interaction arose because the hybrids were less damaged and the cultivars more damaged in 2002 than in 2001. In 2001, the range of percentage damaged fruits was slightly narrower for F. virginiana genotypes and the hybrids than for the cultivars and selections. In that year, 80% of F. virginiana genotypes, 70% of the hybrids, and 48% of the cultivars had 15% or less of fruit damaged (Figure 2 ). In 2002, the ranges for F. virginiana genotypes and the hybrids were narrower than that for the cultivars and selections, and all the F. virginiana genotypes, 85% of hybrids, and 20% of cultivars had 15% or less of fruit damaged (Figure 2) .
The percentage of damage to fruits of individual genotypes in both years were correlated (r = 0.371, P = 0.001; n = 144). A number of genotypes had low levels of fruit damage in both years: in the cultivars and selections, Evangeline (9% in 2001 Evangeline (9% in , 18% in 2002 ; in the hybrids, FV4-90 (5 and 5%) and FV148-5 (8 and 11%); and in the F. virginiana genotypes, Eagle 2 (1 and 4%), Normandale 2 (7 and 4%), Eagle 6 (9 and 3%), and Eagle 16 (10 and 9%). Honeoye, which is considered to be tolerant to tarnished plant bug (Handley et al., 1991) , had 12% damage in 2001 and 39% in 2002.
Among dayneutral cultivars, Fort Laramie (12 and 8%) had the lowest percentage of damaged fruit in both years, and Fern (22 and 15%), Tribute (27 and 15%), and Tristar (36 and 9%) had low damage levels in 2002. The dayneutral F. virginiana genotypes, Black Sturgeon River 11, 13, and 24 (3 and 3%, 1 and 7%, and 11 and 4%, respectively) had less damage than Fort Laramie.
Analysis of damage severity scores for both years revealed statistically significant differences for the main effects of origin, and genotype but not year (Table 1 ). Significant origin*year and genotype*year interactions arose because in 2002, but not 2001, the F. virginiana genotypes and hybrids had a lower score than the cultivars (Table 2) .
Analysis of the number of insects per inflorescence in both years revealed that the main effects of origin, genotype, and year, and the genotype*year interaction differed (Table 2) . For both the total number of flowers and total number of fruits, all the main effects and interactions differed significantly (Table 1) . There were five times as many flowers and almost four times more fruits in 2002 than in 2001 (Table 3) as the plants had grown much larger by 2002. The F. virginiana genotypes had more flowers and fruits than the cultivars and selections, and the hybrids were intermediate between the other two groups (Table 3) .
The number of insects was significantly correlated with the percentage of damaged fruit and the damage score in both years (Table 4 ). The percentage of damaged fruit and the damage score were very highly correlated in both years. In 2001, total numbers of flowers and fruits were correlated with number of insects, but not with percentage of damaged fruits or damage score. In 2002, total numbers of flowers and fruits were negatively correlated with percentage of damaged fruits and damage scores, and were not correlated with number of insects. In 2002, the percentage of aborted flowers did not differ significantly between the sprayed and unsprayed treatments (51.3 and 52.0%, P = 0.90, for sprayed and unsprayed plots, respectively).
Discussion
In this study, the F. virginiana genotypes were more resistant than the cultivated strawberry genotypes and the full range of variability was found in their hybrids. This result confirms the variability found in cultivated strawberry cultivars previously reported (Handley et al., 1991; Easterbrook & Simpson, 2000; Rhainds et al., 2001) , but is the first report of greater resistance in F. virginiana than in cultivated strawberry. The category of resistance, that is, tolerance, antixenosis, or antibiosis, has not yet been determined (Painter, 1951; Kogan & Ortman, 1987) .
Morphological characteristics may influence oviposition and/or feeding preferences of tarnished plant bugs. The F. virginiana genotypes have more flowers and smaller fruits than cultivated strawberries, so fruit size or receptacle number could play a role in feeding preference of the bugs. For example, in a caged study with high numbers of adults per plant (Rhainds & English-Loeb, 2003a) , female plant bugs laid relatively more eggs per plant, but fewer eggs per receptacle, with increasing density of flowers per plant.
Our results suggest that tarnished plant bug populations do not grow in direct proportion to receptacle availability, so that tarnished plant bug numbers per inflorescence may be diluted when receptacles are abundant. Here, the number of insects was correlated with the number of flowers and fruit when receptacles were relatively less abundant (2001), but not when receptacles were more abundant (2002) .
The differences found between genotypes for tarnished plant bug damage represent an intrinsic difference between the cultivars and F. virginiana. We did not find a consistent relationship between the abundance of receptacles and fruit damage, yet, percentage of damaged fruits and damage severity were consistent between years. Although a saturating functional response may occur when receptacle density is high (Rhainds & English-Loeb, 2003b) , we saw the same variability in damage among genotypes whatever the receptacle density, which is indicative of a resistance mechanism in F. virginiana .
From an evolutionary point of view, our data are consistent with tarnished plant bugs exerting a strong natural selection pressure on F. virginiana . The more susceptible a F. virginiana genotype is, the greater the chance that the seeds will be damaged and its reproductive capacity reduced. This level of selection pressure does not necessarily occur in breeding programmes where pesticides are often used to control tarnished plant bugs.
The mechanism of resistance to tarnished plant bug in F. virginiana is still not understood and requires investigation. There could be a compound in the ovaries that has an antixenotic or antibiotic effect on the plant bugs. This hypothesis fits with the observation of Easterbrook & Simpson (2000) that there were significant differences between the weights of nymphs reared on three different cultivars. Dearomatized isophenylated phloroglucinols Least significant difference (LSD) (P = 0.05) for year*origin = 3.5.
2 LSD (P = 0.05) for year*origin = 7.0. found in high concentrations in ovary walls have deterred feeding by, and were toxic to, Utetheisa ornatrix caterpillars (Gronquist et al., 2001 ). Phenological differences were not examined in this study, but may also influence the relationship between plant bug damage and plant productivity; a field study with six cultivars found that the proportion of damaged fruits decreased with increasing number of fruits for early strawberry cultivars, but not for late cultivars (Rhainds & English-Loeb, 2003a ). As our damage severity score was highly correlated with the percentage of damaged fruits, we shall only use the percentage of damaged fruits in further studies. However, it is still worthwhile rating the fruits for damage, as it will ensure that observers look carefully for slightly damaged fruits.
Our emphasis was to identify resistance in dayneutral genotypes, because damage by tarnished plant bug is, arguably, the single most important deterrent to the rapid expansion of dayneutral cultivars in North America. In the dayneutral genotypes examined in this study, there was a range of resistance that could be used in breeding. 'Fort Laramie' consistently had less damage and can be considered as a source for resistance. 'Fort Laramie' has also been shown to transmit heat tolerance to its progeny (JF Hancock, pers. comm.). 'Tristar' had low damage in 2002, which confirms earlier findings (A Dale, unpubl) . Several of the dayneutral F. virginiana genotypes had significantly less damage than 'Fort Laramie' , but more generations of breeding will be needed to introduce this source into acceptable cultivars.
This work indicates that it should be possible to exploit the variability found to breed strawberry cultivars resistant to tarnished plant bugs. However, breeding programmes are typically conducted in fields where many different genotypes are present. How the tarnished plant bugs will react when potentially resistant cultivars are grown in monoculture is not known.
